tected two extended species in the rnt1⌬ strain ( Figure  1B) . While both species hybridized to an intron 1 probe, only the higher molecular weight species hybridized to
(B) Analysis of the expression of the RPS22B gene in wild-type, rnt1⌬, dbr1⌬, rnt1⌬ dbr1⌬, and prp2-ts strains. Membranes were hybridized to probes hybridizing to intron 1, intron 2, or exon 3 regions of RPS22B, stripped, and hybridized with the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) control. The different products are indicated on the side of the membrane. The apparent increase in the level of the snR44 snoRNA in the rnt1⌬ samples is due to lower amounts of rRNA in these samples. Accordingly, other abundant RNAs such as snoRNAs appear more abundant in the rnt1⌬ samples when equal masses of RNA (10 g) are loaded. a probe specific for intron 2 ( Figure 1B ). This suggested cleavage initiates the decay of the unspliced precursors and of the lariat intron 1 of RPS22B. We next investigated that this slower migrating species corresponds to the fully unspliced RPS22B pre-mRNA, while the major whether cleavage intermediates could be detected in vivo. These intermediates are usually unstable, because faster migrating species corresponds to a partially spliced precursor that still contains intron 1 but has they are rapidly degraded by cellular exonucleases. To detect these species, we used yeast strains carrying excised intron 2 (see Figure 1B , symbols). This hypothesis was confirmed by the comigration of the higher spemutant versions of the 5Ј→3Ј exonucleases Xrn1p and Rat1p. Xrn1p is cytoplasmic and not essential (Johnson, cies with the major species detected in a prp2-ts splicing mutant strain ( Figure 1B) , where the fully unspliced pre-1997), while Rat1p is nuclear and essential (Amberg et al., 1992; Johnson, 1997). We used a yeast strain carcursor accumulates. Both extended species could be targeted by RNase H using oligonucleotides specific for rying both the xrn1 disruption and a rat1 thermosensitive mutation (xrn1⌬ rat1-1, kindly provided by D.Tollervey). exon 1 and exon 2 (data not shown), showing that they correspond to the predicted species.
We also constructed a rnt1⌬ xrn1⌬ rat1-1 triple mutant strain to demonstrate that any product detected upon The common element between the two major species that accumulate in the absence of Rnt1p is intron 1. inactivation of the Xrn1p and Rat1p exonucleases is dependent upon Rnt1p cleavage. This observation suggested that a destabilizing element targeted by Rnt1p is present within this intron. We anaNorthern blot analysis was performed on RNA samples extracted from these strains grown at 25ЊC, or lyzed whether this destabilizing element could also contribute to the degradation of the lariat intron. Lariat intron shifted to 37ЊC for 2 hr and 30 min ( Figure 2A ). This analysis revealed the presence of two novel species, degradation is normally initiated by the debranching enzyme Dbr1p, which hydrolyzes the 2Ј-5Ј bond of the which were present in the xrn1⌬ rat1-1 strain but absent in the triple mutant, indicating that they arise from Rnt1p lariat structure. In the absence of Dbr1p, most lariat introns accumulate in vivo (Chapman and Boeke, 1991;
cleavage. The relative migration of these two species and their hybridization pattern with the probes used Ooi et al., 1998) . Surprisingly, the lariat form of intron1 could not be detected in a strain where the gene coding showed that they correspond to fully unspliced precursors cleaved within intron 1 and to partially spliced prefor the debranching enzyme Dbr1p is deleted ( Figure  1B, dbr1⌬ lane) . In contrast, the lariat form of intron 2 cursors cleaved within intron 1. To identify precisely the 5Ј→3Јexonuclease responsible for the degradation of could be detected in the dbr1⌬ strain, as expected (Figure 1B) . This result suggested that the destabilizing elethe cleaved species, we used single-mutant strains carrying either the xrn1 deletion or the rat1-1 thermosensiment in intron 1 contributes to the degradation of the lariat intron 1 after splicing and that both Rnt1p and tive mutation ( Figure 2B ). The accumulation of cleaved species observed in these single-mutant strains was Dbr1p can initiate lariat intron degradation. To test this redundancy, we constructed a double-deletion strain much less dramatic than in the double mutant, showing that Xrn1p and Rat1p have redundant functions in the where both the RNT1 and DBR1 genes are disrupted. . Cleaved species could however be detected in the rat1-1 strain, while of the decay of the lariat form of this intron. These results identify a novel degradative pathway for lariat introns.
unspliced precursors could be detected in the xrn1⌬ strain ( Figure 2B ), suggesting that Rat1p might be the The previous observations suggested that Rnt1p Figure 2A . A sample extracted from a xrn1⌬ rat1-1 mutant strain shifted at 37ЊC was included for comparison. (C) Detection of the upstream Rnt1p cleavage product in vivo using the rrp6⌬ exosome mutant strain. Northern blot analysis was performed on RNAs extracted from the indicated strains grown at 25ЊC. The UP probe hybridizes to nucleotides 12-346 of the intron. The DS probe hybridizes to nucleotides 245-537 of the intron. major exonuclease responsible for digestion of the the RPS22B species detected in a wild-type strain, in a rnt1⌬ strain, and in a strain where the nuclear compo-RPS22B cleavage products. We also observed a depletion of the mature form of the transcript in the rat1-1 nent of the exosome Rrp6 has been inactivated (rrp6⌬). To identify specifically the upstream cleavage product, and xrn1⌬ rat1-1 strains at 37ЊC ( Figures 1C and 1D) , which was not observed in the triple mutant strain. The we generated probes hybridizing to the upstream region of intron 1 (UP probe) or to the downstream region of basis for this observation remains elusive.
We next asked whether the upstream cleavage prodintron 1 (DS probe). Both probes could detect unspliced precursors in the rnt1⌬ strain ( Figure 2C) . A short product was degraded by the nuclear exosome. We analyzed uct could be detected in RNAs extracted from the rrp6⌬ of this stem-loop structure would phenocopy the effects strain using the upstream probe, but not with the downobserved in the rnt1 knockout strain. We deleted the stream probe ( Figure 2C) , showing that the upstream intronic stem-loop sequence SL1 ( Figure 3B ) from the cleavage product can be detected when the nuclear endogenous gene by homologous recombination in vivo exosome is inactivated. These results confirmed the exusing the delitto perfetto method (Storici et al., 2001 ). istence of a Rnt1p cleavage site within intron 1 and Deletion of this stem-loop resulted in a partial phenoshowed that the nuclear exosome participates in the type, with an increase of the level of the RPS22B mRNA degradation of the upstream cleaved species.
and a minor accumulation of fully unspliced and partially To identify the cleavage site within intron 1, we anaspliced transcripts ( Figure 3D ). We noticed that a second lyzed RNAs extracted from 5Ј→3Ј exonuclease mutants stem-loop (SL2, Figure 3B ) is present next to SL1. Alby primer extension, using a primer specific for intron though we did not detect cleavage in SL2 in vivo (see 1. Two products could be detected in the xrn1⌬ rat1-1 above), it is possible that this stem-loop contributes to strain ( Figure 3A) . One product was detectable at 25ЊC, the cleavage within intron 1 when SL1 is absent. We while the other product was detectable at 37ЊC. Since constructed a double-deletion yeast strain in which both both exonucleases are fully inactivated only at 37ЊC, the stem-loops were deleted from the chromosomal gene. product detected at 25ЊC may correspond to a partially The phenotypes observed in the double-deletion strain trimmed product, while the latter product is more likely were slightly exacerbated compared to the ones obto correspond to a nontrimmed cleavage product. The served in the single-deletion strain, with a minor increase cleavage site detected at 37ЊC is located on the 5Ј side in the accumulation of unspliced precursors ( Figure 3D ). of a predicted stem-loop structure (SL1, Figure 3B ). The
We next asked whether these stem-loops contribute corresponding product was not detectable in a rnt1⌬
to the degradation of the lariat intron 1. Since the funcxrn1⌬ rat1-1 strain, indicating that it corresponds to a tion of Rnt1p in this pathway is apparent only in the Rnt1p cleavage site. A primer extension product correabsence of the debranching enzyme ( Figure 1B ), we sponding to the same site could be detected with a combined these stem-loop deletions to the debranching primer specific for exon 2 (data not shown). Thus, this enzyme knockout dbr1⌬. A massive accumulation of primer extension product is likely to correspond to the lariat intron was observed in these double-mutant 5Ј end of fully unspliced or partially spliced cleaved strains ( Figure 3D ), comparable to that observed in the products identified by Northern blot in Figure 2A . The rnt1⌬ dbr1⌬ strain. In the case of the double stem-loop cleavage site is located 15 base pairs away from a termideletion, we even observed higher levels of lariat intron nal GGUU tetraloop, in agreement with the cleavage site 1 than in the rnt1⌬dbr1⌬ strain. This result may be due selection rules of the enzyme (Chanfreau et al., 2000) .
to the shorterning of the lariat intron, which makes it We noticed that the sequence of the loop differs from less prone to random degradation and results in its hythe AGNN consensus described for yeast RNase III.
perstabilization. However, a GGUU tetraloop is likely to adopt the same
In conclusion, these stem-loops deletions partially tetraloop conformation described for an AGUU sephenocopy the rnt1 knockout phenotypes. The phenoquence (Wu et al., 2001 ). This result suggests that the types observed for the lariat intron 1 and the mRNA type of loop accommodated by yeast RNase III can also species are remarkably similar to those observed in the contain a G at the first position, as long as the tetraloop rnt1 deletion strain. These results show that the stemcan adopt an AGNN-type conformation. To demonstrate loops are directly responsible for the degradation of the that the RPS22B intronic stem-loop carrying a terminal lariat in the absence of the debranching enzyme and for GGUU tetraloop corresponds to a bona fide Rnt1p cleavthe degradation of unspliced precursors that compete age site, we generated a 220 nt long unlabeled transcript with mRNA production. In the case of the unspliced containing this predicted stem-loop, and we incubated precursors, the accumulation of these species when the this transcript with bacterially expressed recombinant stem-loops are deleted is not as strong as the accumulaRnt1p or with a catalytically inactive protein carrying a tion observed in the rnt1⌬ strain. In this case, it is likely point mutation (E320K). Cleavage site(s) were mapped that a mild indirect splicing defect observed in the rnt1⌬ by primer extension analysis with reverse transcriptase. strain also contributes to the accumulation of precursors Incubation with recombinant Rnt1p resulted in a major observed (see below). cleavage product that was not observed upon incubation with buffer alone or with the inactive enzyme ( Figure  Genomic Search for Rnt1p Cleavage Sites 3C). The upstream cleavage site mapped in vitro was in Intronic Sequences consistent with the site mapped in vivo ( Figure 3A) . HowThe cleavage mechanism observed in the first intron ever, the major site mapped in vitro was located on the of the RPS22B transcript suggested that other intron-3Ј side of the stem, while the major site mapped in vivo containing yeast transcripts could be targeted by the was located on the 5Ј side of the stem ( Figure 3A) . This same mechanism. We searched for such transcripts by difference may be due to a preferential stabilization of folding the intronic sequences of all the intron-conpartially cleaved products that retain the stem-loop taining ribosomal protein genes, and those of a few structure in vivo, as shown previously for 5Ј extended nonribosomal protein introns using MFOLD ( (RPS11B). We examined the level of these transcripts by the RPL18A transcript. A strong accumulation of unspliced RPL18A precursors was observed in the rnt1⌬ Northern blot, as well as those of other intron-containing transcripts as controls.
strain (Figure 4) . The level of accumulation of these unspliced species was much higher than in a prp2-ts strain, We found evidence of Rnt1p cleavage in the case of suggesting that the RNT1 deletion resulted in the stabiliFor the other transcripts, mRNA levels were comparable in the wild-type and rnt1⌬ strains. Slightly higher zation of the unspliced precursor. In addition, the lariat form of the intron was much more abundant in the rnt1⌬ levels of mRNAs were observed for some transcripts in the rnt1⌬dbr1⌬ strain. This was due to higher amounts dbr1⌬ strain than in the dbr1⌬ strain (Figure 4) , showing that Rnt1p also contributes to the degradation of the of RNA loaded in this lane (data not shown). We also observed a weak accumulation of unspliced precursors lariat intron, as described previously for RPS22B.
In the case of RPS11B, the mRNA levels were higher in the rnt1⌬ strain, in amounts lower than in the prp2-ts strain, that is possibly due to an indirect splicing than in the wild-type strain, but only trace amounts of unspliced precursors were observed (Figure 4 ). This defect (Figure 4 ). This splicing defect may be due to a defect in the biogenesis of some spliceosomal small transcript was not detected in our initial microarray screen. This could be due to a lack of discrimination RNAs (Abou Elela and Ares, 1998; Chanfreau et al., 1997) or to an overall slower metabolism in the rnt1 deletion between the highly similar RPS11A and RPS11B sequences in the oligonucleotide-based microarrays. An strain (Abou Elela and Ares, 1998; Chanfreau et al., 1998b). This splicing defect was not specific to ribooverall strong signal from RPS11A may therefore mask any variations observed with RPS11B. We deleted the somal protein transcripts, because it could be detected in other intron-containing transcripts such as the cofilin predicted stem-loop from the RPS11B intronic sequence by homologous recombination, but we did not COF1 (Figure 4) (Moon et al., 1993) . The GOT1 mRNA, which encodes a membrane protein involved in the trafdetect any increase in mRNA levels (data not shown). We also did not observe any in vitro cleavage of a model fic to the Golgi complex (Conchon et al., 1999), did not show a significant accumulation of unspliced precursors transcript carrying the predicted RPS11B stem-loop by recombinant Rnt1p (data not shown). Therefore, the ef- (Figure 4 ). This lack of accumulation of unspliced precursors was also observed for the U3 snoRNA (Kufel et al., fects observed on the RPS11B transcript in the rnt1 deletion strain may be indirect. 2000), suggesting that the level of unspliced precursors accumulating in the rnt1⌬ strain may be transcript deprimer extension ( Figure 5C ) and was located in a predicted stem-loop structure carrying a GGUG tetraloop pendent. For most of these transcripts, lariat introns were highly abundant in the dbr1⌬ strain, showing that ( Figure 5D ). As with RPS22B, another predicted stemloop is found immediately upstream of the one where Rnt1p has no major function in the degradation of the lariat species. Lower levels of lariat introns were detectcleavage occurs, but no evidence for cleavage in this upstream stem-loop was observed in vivo ( Figure 5C ). able in the rnt1⌬ dbr1⌬ strain than in the dbr1⌬ strain (Figure 4) . This observation fits the model that a mild
Overall, these data demonstrate that dsRNA structures are present in the intronic region of the RPL18A presplicing defect due to the rnt1 deletion results in a slower production of lariat introns. This splicing defect is not mRNA and lariat introns and that RNase III initiates the degradation of both of these species. sufficient to affect the steady-state level of mRNAs, because the rate of splicing may not be rate limiting for Some yeast small RNAs are encoded within yeast intronic regions. Thus, we addressed a possible role for mRNA accumulation in vivo (Pikielny and Rosbash, 1985) . However, this defect results in an accumulation Rnt1p cleavage in the processing of some yet unidentified small RNAs encoded within the RPS22B and of unspliced precursors and in a slower production of lariat intron at the steady state. In the cases of COF1 RPL18A intronic sequences. We performed acrylamide Northern blot analysis of RNAs extracted from wild-type, and GOT1, the small size of the introns (ca. 100 nt) makes them undetectable on regular agarose Northern rnt1⌬, and rnt1⌬ dbr1⌬ strains. While the lariat forms of the RPS22B intron 1 and RPL18A were detectable in blots.
these Northern blots in the rnt1⌬ dbr1⌬ samples, no discrete band was identified in the 30-600 nt range in Rnt1p Cleaves Unspliced Precursors and the Lariat any other strain (data not shown). This negative result Form of the RPL18A Transcript suggests that Rnt1p cleavage within these intronic re-RPL18A seemed directly affected by the absence of gions is responsible for degradation of unspliced preRnt1p because of the higher accumulation of unspliced cursors and lariat introns, but that cleavage is probably pre-mRNA and because the degradation of the lariat not involved in the processing of intron-encoded small form of its intron was dependent on both Rnt1p and RNAs. Dbr1p. We therefore focused our analysis on this transcript. Cleaved unspliced precursors were detected by Northern blot in the xrn1⌬ rat1-1 strain, but not in the Discussion rnt1⌬ xrn1⌬ rat1-1 strain ( Figure 5A , intron probe), demonstrating that Rnt1p cleaves the RPL18A pre-mRNA.
A Novel Intronic Degradation Pathway Initiated by Yeast RNase III Cleavage Cleaved precursors were clearly detectable using the intronic probe, but barely detectable using a probe covOur results demonstrate that one of the functions of yeast RNase III is to initiate degradation of some unproering both the intron and the second exon, because the cleaved species migrate only slightly above the mature cessed transcripts and lariat introns of the yeast transcriptome. These results identify a novel specialized mRNA ( Figure 5A, intronϩexon2 probe) . Strikingly, cleaved precursors were present at both permissive and turnover pathway for splicing-related products. Because Rnt1p is mostly localized in the nucleus (our unnonpermissive temperatures, suggesting that Xrn1p is responsible for the degradation of these cleaved spepublished data), it seems likely that initial cleavage of the precursors and lariats is predominantly nuclear. The cies. This hypothesis was confirmed by the analysis of the xrn1⌬ and rat1-1 single-mutant strains ( Figure 5A) . observation that the degradation of the upstream cleavage products requires Rrp6p ( Figures 2C and 5B) , a As observed for RPS22B, the accumulation of RPL18A cleaved species and unspliced precursors was less dracomponent of the nuclear exosome, strengthens this conclusion. The idea of a nuclear pathway that discards matic in these single-mutant strains than in the double mutant, showing the functional redundancy of Xrn1p aberrant or unprocessed transcripts has been evoked previously (Burgess and Guthrie, 1993; Burkard and Butand Rat1p in the degradation of these species. However, cleaved precursors could be detected in the xrn1⌬ ler, 2000). A recent study showed that Rat1p and the exosome participate in the degradation of unspliced strain, but much less in the rat1-1 strain ( Figure 5A ). This result suggests that, in contrast to RPS22B, for pre-mRNAs (Bousquet-Antonelli et al., 2000). In contrast to this general discard pathway that relies exclusively which Rat1p is the predominant exonuclease, Xrn1p might be the major exonuclease responsible for digeson exonucleases, the turnover pathway identified here is clearly specialized to a few transcripts. tion of the RPL18A cleaved precursors. The basis for a different requirement for these two exonucleases in the In the case of the RPS22B transcript, cleavage is located in the first intron and results in degradation of the degradation of RPS22B and RPL18A cleaved species remains unclear. unspliced species, as well as in a significant reduction of the mature mRNA. Direct evidence for Rnt1p cleavage We also detected the upstream cleavage product in the rrp6⌬ strain ( Figure 5B ). This product could be decomes from the fact that cleaved species can be detected in vivo using exonuclease mutant strains. We tected with a probe hybridizing to exon 1 and to the upstream portion of the intron (UP probe, Figure 5B) , have used xrn1 and rat1 mutant strains to detect 3Ј cleavage products and the rrp6⌬ strain to detect 5Ј but not with a probe hybridizing to exon 2 and to the downstream portion of the intron (DS probe, Figure 5B While it is known that intronic secondary structures can of unspliced species is due to an inhibition of splicing. Rather, the stem-loop deletion inhibits Rnt1p cleavage, enhance splicing efficiency (Goguel and Rosbash, 1993), the increase of mRNA levels observed when the RPS22B resulting in more splicing. These observations demonstrate a competition between the splicing pathway and stem-loops are deleted rules out that the accumulation a degradative pathway initiated by Rnt1p. Degradation A Conserved Degradative Function for Eukaryotic RNase III-like Double-Stranded RNA Endonucleases of precursor species initiated by Rnt1p can be sufficient to decrease the pool of precursors that are committed
The function of eukaryotic RNase III-like enzymes can be divided in two major categories. The first function to splicing, thus affecting mRNA levels. This mRNA regulation mechanism adds a novel strategy to the list of identified is to process a variety of stable RNAs. This function in the processing of the pre-rRNA is conserved mechanisms that control ribosomal proteins mRNAs levels in yeast (Warner, 1999) 
